Membrane Bio Reactor (MBR) has been designed and simulation for the treatment of Chemical Oxygen Demand (COD), Total Suspended Solids (TSS), Total Organic Carbon (TOC), Total Dissolved Solid (TDS) and Oil/ Grease in produced water at a capacity of 54.1778 kg/hr for removal of 95% -99% contaminants. The MBR design equations were developed using the law of conservation of mass to determine the dimensions and functional parameters. The developed performance equations were integrated numerically using fourth-order Runge-Kutta embedded in MATLAB computer program to determine the optimum range of values of the reactor functional dimensions and functional parameters. The effect of rate of energy supply per reactor volume and substrate specific rate constant on the capacity of the membrane bioreactor were investigated. Also, the effect of initial loading of substrate on Solid Retention Time (SRT) was also investigated. Results showed that kinetic parameters influenced the percentage removal of contaminants as Hydraulic Retention Time (HRT) and size of MBR decreased with increase in specific rate constant at fixed conversion of contaminants. Also, HRT and MBR size increased as the conversion of Chemical Oxygen Demand (COD) was increased, while increased in the ratio of energy supplied per volume resulted in decreased of MBR volume. The effect of initial loading of substrate on SRT showed that increased in substrate loading increased the retention time of the solid at fixed substrate conversion, while the conversion of substrate to microorganism increased as the solid retention time was increased. The increased in initial loading of substrate concentration increased the production of Mixed Liquor Suspended Solids (MLSS). Thus, the size of MBR required for the conversion of the investigated contaminants at the design percentage removal increased in the following order: oil/grease < TSS < TOC < TDS. The MBR volume, height and HRT were 1.10 and 5.29 m 3 ; 0.98 and 4.68 m; and How to cite this paper:
Introduction
The exploration and production of oil and gas has both positive and negative outcome. Oil and gas have been a major source of economic boost to its producing countries; it has equally caused environmental concerns and other challenges. However, in spite of the challenges associated with oil and gas production, many countries are continuing in their efforts to expanding exploration and development of oil and gas activities [1] [2] . As these activities continue to increase and new formations become economically viable, water demands for well development as well as the volume of produced water generated will increase considerably [3] . Produced water is wastewater from underground formations that is brought to the surface during oil and gas production and it is an undesirable product in the hydrocarbon reservoirs [4] [5] . It contributes the largest volume of waste stream associated with oil and gas production [6] [7] .
According to Coday et al. about 14 billion barrel of produced water are produced annually [3] while Duraisamy et al. (2013) posited that 77 billion barrel of water are produced per annum globally [7] . Usually, produced water is always in contact with hydrocarbons in reservoir or surface pipelines thereby making it a complex mixture comprising of polar and non-polar organic components, cations (e.g. magnesium, calcium and iron), anions (e.g. carbonate and bromide sulphate) and other substances such as heavy metals (e.g. barium, uranium, cadmium, chromium and lead) [6] [8] . Produced water physicochemical properties vary with respect to reservoir type (e.g. oil, gas or coal), geographic location of the field, the geologic formation and the type of produced hydrocarbon but the characteristics and volume of produced water varies throughout the lifetime of the proposed reservoir [5] [20] . The need to treat produced water was to meet discharge regulations set by Local, State and Federal Authorities, reuse of treated produced water in oil and gas operations, agricultural purposes, animal/human consumption and meeting water quality requirements for miscellaneous uses.
The advantages of using membrane processes include the ease of operation and the use of little or no chemicals [7] . The membrane technology used in produced water and waste water treatments are classified according to pore size and they include: Microfiltration, Ultrafiltration, Nanofiltration, Electrodialysis and Reverse Osmosis. Microfiltration, ultrafiltration and nanofiltration are membrane technologies that differs from each other mainly in pore size of the membrane used. Igunnu and Chen (2014) hinged on the advantages of MBR as possessing highly-improved effluent quality, higher biomass concentration and less sludge Advances in Chemical Engineering and Science production [9] . The application of Membrane Bioreactor for treatment of produced water experimentally is currently on [7] , but work on design, modeling and simulation is lacking. In the present work, MBR design model that predicts the removal of contaminants entrained in produced water is presented. The design models were integrated numerically to compute the reactor dimension, percentage removal of contaminants and functional parameters. Model predictions were compared with industrial and literature data with reasonable agreement. Sensitivity analysis was carried out on functional parameters to see its effects on percentage contaminants removal in order to ascertain optimality. Figure 1 shows a hypothetical schematic diagram of a Continuous Stirred-Tank
Development of MBR Design Equations
Reactor imbedded with membrane submerged in the bioreactor for treatment of produced water. The oilfield produced water entered into the reactor through the reactor inlet designated as "In" and passes through the immersed membrane embedded with nutrient supplying material. Oxygen in the form of air is introduced into the reactor through another channel to provide life for micro-organisms growing in the membrane which in turn consume the available contaminants. After the treatment process, the treated water flows out from the membrane reactor at high percentage conversion of the contaminants, while the sludge effluent is discharged from the bottom of the bioreactor.
Assumptions
The following assumptions were made in the development of the design equations:
1) The flow rate of the produced water in the MBR is constant throughout.
2) There is no concentration gradient of contaminant in the MBR.
3) The MBR is operated at isothermal, isobaric and steady state condition. 
Material Balance on MBR
Applying the mass conservative principle to the bioreactor in Figure 1 based on the above assumptions gives the overall component balance as:
where: V M = MBR volume (m In aerobic process, an uptake of oxygen is necessary for the survival of the biomass and products uniformity, thus the rate of oxygen transfer [10] can be evaluated using the mass transfer equation expressed as:
From Equation (1) with respect to oxygen transfer rate in MBR is expressed as:
where ( )
Combining Equations (3) and (4) gives
For constant flow rate, Equation (5) reduces to
At steady state operation, rearranging Equation (6) reduces to 
Height of MBR
The height of cylindrical shaped reactor is given as: Advances in Chemical Engineering and Science
substituting Equations (7) in (8), we have
The saturated oxygen concentration can be evaluated using equation:
where: 
MBR Sizing Base on Contaminants Conversion
The substrate consumption rate is expressed as [11] :
Substituting Equation (12) into (1), the MBR volume base on substrate consumption at steady state and constant flow rate, after simplification gives:
The substrate rate constant is expressed as:
Combining Equations (13) and (14) gives: 
Production of Biomass
The evaluation of biomass production in this study was done in terms of mixed liquor suspended solid (MLSS). The performance equations of MBR depend on the production yield of biomass in the process capable of treating the produced Advances in Chemical Engineering and Science water. According to (zaerpour, 2014) biomass production given by [12] ( ) ( ) ( )
Hydraulic Retention Time
The hydraulic retention time (HRT) was calculated according to:
where: HRT = Hydraulic retention time (hours), V M = Volume of MBR, F = Flow rate.
Solid Retention Time
Solids retention time (SRT) was calculated according to:
The kinetic of biological activities in the MBR was expressed with respect to the substrate consumption and endogenous decay of the produced organism according to (Zaerpour 2014 ) [12] as:
where: μ = Specific growth rate of nitrifying bacteria (kg new cells/kg cells day), μ m = Maximum specific growth rate of nitrifying bacteria (kg new cells/kg cells
In terms of substrate conversion, Equation (20) can be further expressed as
Concentration of Oxygen at Saturation
The concentration of oxygen at saturation point was calculated using the expression: Table 3 shows the dimensions of the membrane bioreactor at a capacity of 54.1778 kg/hr for 95% and 99% conversion of contaminants. The volume, height 
Initial Concentration of Contaminants in Oil Field Produced Water

Results and Discussion
Effect of Substrate Specific Rate Constant on the Retention of Oil/Grease by MBR
The substrate specific rate is an important parameter in the design of MBR. Increasing or decreasing of substrate rate can affect the production of nitrogenous organisms that utilizes the produced water contaminant and thereby affecting its concentration in the produced water at the exit stream. Figures 2-4 show the profile of MBR volume, length and hydraulic retention time (HRT) versus conversion of produced water oil/grease contaminant at varying rate constants.
The effect of rate constant on the volume of MBR is shown in Figure 2 . As the conversion increased, the volume also increased at various specific rate constant.
At the rate constants investigated (2 to 8 h . However, the volume decreased with increase in specific rate constant. Indicating that, substrate rate constant influenced MBR performance and the optimum operational volume should be tailored to achieve high percentage removal of oil contaminants in produced water. The effect of rate constant on the height of MBR is shown in Figure 3 . In similar profile like the volume, the conversion of oil contaminated produced water increased with increase in height, while increasing the specific rate constant for substrate utilization resulted in decrease in the height. Thus, at 95% to 99% oil reduction, the height of MBR increased from 1.28 to 6.15 m at rate constant of 2 h . This implies that, higher percentage removal of oil contaminant could be obtained when the substrate rate constant is controlled.
The variation of rate constant with HRT was also investigated as shown in Figure 4 . Similarly, the conversion of oil contaminated produced water increased with increase in HRT, while the HRT decreased with increase in the specific rate constant. At 95% to 99% oil reduction, the HRT increased from 2.91 to 13.96 hr at rate constant of 2 h . These values were in agreement with values obtained by (Janus 2013) [16] with optimum energy/volume of 9.5 kW/m 3 . These showed that energy supply per volume of reactor was essential for the determination of the overall performance of MBR operations. However, the removal of COD using MBR has been reported with high percentage conversion [10] [11] [17] .
Effect of Rate Energy Supplied per Volume (P/V) on Conversion of COD
The effects of energy supplied per reactor volume on conversion of COD with respect to height is shown in Figure 6 . The conversion of COD increased with Advances in Chemical Engineering and Science showed that hydraulic retention time influenced the rate of energy supply per volume of MBR produced water treatment process. Although, the concentration of contaminants in oil field produced water may not be the same, it is reasonable that when designing a MBR for multicomponent treatment, the size should be considered based on the contaminants Figure 8 . Variation of contaminant conversion with mbr volume. The variation of conversion of contaminants with height is shown in Figure 9 .
Variation of Contaminant Conversion with Volume of MBR
Thus, at every fixed percentage removal, the MBR height required to treat the produced water contaminants increased in the following order: oil/grease < TSS < TOC < TDS. The corresponding height required to remove 95% to 99% of the contaminants were: 0.32 to 1.54 m for oil/grease, 0.53 to 2.60 m for TSS, and 0.58 to 2.87 m for TOC and 0.98 to 4.68 m for TDS. Likewise, the design of MBR for treatment multi-component contaminants should be considered with reference to the contaminants with highest concentration.
The variation of the HRT with conversion is shown in Figure 10 . In a similar manner, the conversion of contaminants increased with increased in HRT. The 
Effect of Substrate Loading on Solid Retention Time (SRT)
The capacity of the membrane to trap and keep hold of the solid contaminant at a substantial period depends on the substrate loading and the pore size of the membrane.
The effects of initial loading of substrate on SRT is shown in Figure 11 . Increased in substrate loading resulted in the increase in retention time of the solid at a fixed substrate conversion. Also, the conversion of substrate by micro-organisms increased as the solid retention time increased. However, excess loading of the substrates could promote the fouling of the membrane thereby reducing the performance of the treatment process. At substrate conversion between 0% and 50%, the SRT obtained were 58. (2010) [18] . The effect substrate loading on mixed liquor suspended solids (MLSS) production is depicted in Figure 12 . The concentration of substrate in the membrane affects the growth of micro-organisms and hence, their activities in decomposing contaminants. Thus, increase in the initial loading of substrate concentration increased the population of the organisms. Though, between zero and about 1 hour, there was a lag in biomass growth, which could be attributed to process of microbes' adaptation. MLSS concentration changed the kinetics of the treatment process and it was influenced by the concentration and type of nutrient's source [11] . However, the biomass concentration at the initial substrate loading of 0. The volume of MBR required for the removal of produced water contaminants between 95% to 99% at 1.0 kg/m 3 initial substrate loading is shown in Figure 13 . The MRB size required to remove the contaminants from produced water increased as the MLSS concentration was increased. However, with the produced MLSS concentration, oil/grease required smaller volume of MBR as compared with TDS.
Conclusion
Computer-aided design and simulation of a membrane bioreactor for treatment of produced water has been presented. The design equations were obtained from the law of conservation of mass on a submerged membrane in a bioreactor sup- Simulation of functional parameters indicate that the substrate specific rate constant, hydraulic retention time, substrate loading, solid retention time, biomass production, oxygen utilization, substrate consumption, rate of energy supplied per volume are functional parameters that affect the rate of contaminants conversion in the following trend: oil/grease < TSS <TOC < TDS. It is therefore recommended that input parameters such as rate of energy supply per volume of reactor, kinetic parameters and substrate concentration should be effectively controlled to obtain optimum MBR performance.
